It is very important to identify the uncertainties of transpiration and root zone soil water for improving water, fertilizer and agricultural chemical management. The canopy transpiration, dominating over evapotranspiration in a close planting orchard, is the main input data of soil water movement simulation for the model based on the Richard equation. However, transpiration estimations are always uncertain because of uncertainties of input data and model structure, which bring the uncertainties of root zone soil water simulation, reduce the simulation accuracy and cause model instability. So, quantitative study of uncertainties of transpiration and root zone soil water simulations are very important to raise the reliability of the simulation. In this study, a Bayesian approach was used to fit the transpiration model to half-hourly cherry transpiration rates, probabilistically estimate its parameters and predict the uncertainties. The probabilistic transpiration model was extended by adding a normally distributed error term, and the Markov chain Monte Carlo simulation method was used to determine the posterior parameter distributions, and the estimated transpirations of average, 95% upper and lower confidence limits were obtained as the input data of the Richard equation, and the simulations of soil water and root water uptake were then obtained. The results showed there were a large number of uncertainties for the transpiration, soil water and root water uptake, and soil water greatly changed in the 30 and 50 cm soil layer for the intensive root system, but there was only minor change in 10 and 110 cm soil layers for small roots. The mean relative error (MRE) was 4.3%, 8.64%, 14.53% between simulated and measured soil water for average, 95% upper and lower confidence limit estimated transpiration as input data, and it was 11.68%, 19.55%, 25.35% for root water uptake, respectively. Moreover, there were also very large uncertainties for cumulative root water uptake, and the maximum difference can reach about 100 mm after 100 simulation days. So, the effect of transpiration uncertainties on soil water and root water uptake should be paid attention to for improving water management and contamination risk assessment.
large uncertainties [2] , which was caused by differences of leaf stomatal conductance and leaf transpiration rate for heterogeneities in leaf radiation absorption [3] due to heterogenous distributions of leaf chlorophyll content and leaf age, and so on. The transpiration is the main input data of soil water movement simulation for the model based on the Richard equation, thereby, the uncertainties would lead to the instability of root zone soil water moisture simulation and reduce the modeling accuracy. For example, Liu et al. [4] used potential evapotranspiration (ET) obtained by two methods as an input item of the soil water movement model, and results showed that soil water is very sensitive to ET, and the uncertainties of ET or transpiration would make it easy to reduce the simulation accuracy of root zone soil water. So, it is very important to quantifiably evaluate the uncertainties of the transpiration estimations' effect on water movement for improving the efficient and safe management of water, fertilizer and pesticides [5] .
The Penman-Monteith model (PM) [6] and its improved type are the main approach to estimate ET and transpiration, but they have many parameters, in particular canopy resistance is mutable; input errors are unavoidable; the measurement accuracy of air temperature, humidity and wind speed, especially for net radiation also has a great effect on estimations of transpiration [7] . So, the uncertainties of transpiration estimations have always existed, and many mathematical methods are used, such as fuzzy theory [8] , the generalized likelihood uncertainty estimation (GLUE) [9] , and Bayesian analysis [10] that can obtain the posterior distribution using randomized trials of new information, which can get closer to the actual condition and be more accurate than prior distribution. It was first used to establish probabilistic hydrologic model by Krzysztofowicz [11] who gave a quantitative description of the prediction uncertainty by the probability, and the method was extensively used in modeling of water cycle, water quality, carbon and heat fluxes [12] [13] [14] . It was also used to fit the PM model to half-hourly transpiration rates for a sugar maple stand [10] and analyze the uncertainties of canopy conductance of different configurations estimated by back calculating PM model [15] , and the results indicated there were considerable uncertainties in the parameter and transpiration prediction. This quantified uncertainties of transpiration estimations in the form of probability distribution, and opened up a new way to develop an uncertainty study for transpiration. Yet the uncertainties of the transpiration estimations' effect on the soil water and root water uptake have not yet been paid attention to. Actually, there was a close relation between transpiration and the root zone soil water, and the simulation accuracy of soil water movement must be influenced by the uncertainties of transpiration estimations. Thus, it was of great importance to quantitatively assess the uncertainties of transpiration estimations' effect on the root zone soil water for risk assessment of water and solute movement in root zone.
The objectives of this work were to analyze the uncertainties of transpiration estimations by Bayesian analysis, and to quantitatively evaluate the simulations of soil water movement and root water uptake influenced by the uncertainties of transpiration estimations.
Materials and methods

Water movement in soil
In order to describe soil water θ (z, t) within the root zone, assuming that maximum modeling depth was 200 cm, rooting depth was 110 cm, and free drainage was used for lower boundary, the Richard equation was used based on the finite element solution of the non-linear partial differential water flow equation given by the Eq. (1).
where h is the soil matric potential (cm), C (h) = dθ /dh is the soil water capacity (cm −1 ), K (h) is the soil hydraulic conductivity (cm day −1 ), S is the root water uptake (cm 3 cm −3 day −1 ), h 0 (z) is the initial soil matric potential in the profile (cm), R(t) is daily effective rainfall (cm day −1 ), I(t) is daily irrigation (cm day −1 ), E(t) is daily soil evaporation (cm day −1 ), z is vertical coordinate originating from the soil surface and positive downwards (cm). Soil hydraulic characteristics were described by analytical functions as [16] :
where θ s and θ r are, respectively, saturated and residual water content (%), K s is saturated hydraulic conductivity (cm day
is the relative saturation; n, α, l are empirical shape factors, they are followed as Table 1 . 
Root water uptake model
Water uptake by plant roots is a complex process, determined by interacting physical and physiological processes in the soil-root uptake. The cherry root distribution in the soil profile can be seen from Fig. 1 . The paper used the simple approach of Feddes et al. [17] model in which the depthwise pattern of root uptake was followed as:
where L r is the rooting depth defined as the maximal penetrating depth of roots (cm), S m (z) is the maximal specific water extraction rate under the optimal soil water condition (cm day −1 ), α(h) is a dimensionless reduction function corresponding to the water stress. L(z) is root length density at z (cm cm −3 ), which is assumed to be fixed with time, L nrd (z) is the normalized root length density distribution. We also assumed S m (z) to be proportional to root length density [18] and imposed the condition that total daily water uptake by the root system must equal the daily transpiration, T (mm day −1 ), it is followed as:
The transpiration and evaporation model
Because there are firm theoretic bases for the Penman-Moteinth (1965) model, Kang et al. [19] used it to the model transpiration of wheat crops, obtaining good results, expressly followed by:
where T is potential transpiration rate (mm day at surface the reference height (kPa), R n is total net radiation flux density (W m −2 ), G is soil heat flux (W m −2 ), LAI is the leaf area index, r ST is canopy resistance (s m −1 ), which is reciprocal of g ST (canopy conductance), r a are the aerodynamic resistances (s m −1 ), and k is the extinction coefficient of light attenuation. The PT formula [20, 21 ] is used to model potential soil evaporation rate, which largely simplifies the model structure and has high accuracy under wet soil conditions [22] . It is given by the expressions:
where E is the potential soil evaporation rate (mm/day), τ = e −kLAI , α E is the coefficient of PT formula with relevance to light interception [23] , τ c and α is 0.55 and 1.3, respectively.
Physiological studies have shown that stomatal conductance depends mainly on environmental factors such as solar radiation, air temperature, humidity deficit, and soil moisture [24, 25] , it is followed as:
where g L is the leaf stomal conductance (m s −1 ), PAR is photosynthetically active radiation (W m −2 ), k 1 and k 2 are corresponding regression coefficients.
The aerodynamic conductance is obtained as follows [26] :
where d is the zero-plane displacement (m), and z 0 is the roughness length being fixed proportions of the mean tree height
, k is the von Karman constant (0.4), and u z is the wind speed at z height (m s −1 ).
Probability transpiration model
According to Bayesian theory, the probability density of the posterior parameter distribution P(θ |T ) is derived from the prior density P(θ ) and measured data T , and is followed as:
where θ is model parameters, T is measured data; P (T |θ) is the likelihood function, which incorporates the statistical relationships as well as the mechanistic relationships among the predictor and variables. Usually, it is impossible to obtain the analytically summarizing posterior distributions, which limits the practical implementation of the Bayesian approach. Recently, the Monte Carlo method, especially for the Markov chain Monte Carlo (MCMC) algorithm, is used to investigate the parameter space in the search for the posterior distribution. The Gibbs sampling and Metropolis-Hastings algorithms are two main sampling methods for MCMC. In the study, the Gibbs sampling was applied to generate random samples in the Bayesian analysis. Sufficient irrigation was applied for improving the cherry fruit yield in May or June, thus the soil was almost wet during the period. Therefore, the data in 5, 2008 were selected to used to fit the transpiration model to half-hourly transpiration rates and probabilistically estimated its parameters and prediction uncertainties. In the study, the probability transpiration model was presented by extending errors term with the assumption that the errors were independent and normally distributed with a constant but unknown variance, σ 2 , and was expressed probabilistically and similar to that used by Samanta et al. [10] , which was given as follows:
where T (x i , θ) is estimated transpiration by Eq. (9), T i is observed transpiration by the sap flow method, and x i , θ and ε i are the corresponding input data, parameter vector and error. The likelihood function of T containing n observations can be given as follows [10] :
If we had only the information about the interval distribution of θ i and [a i , b i ], the prior distribution could be given as follows:
It is assumed that θ and σ are uniformly distributed, and parameter bounds are given in Table 1 . The parameters are all fixed within reasonable bounds, g max is twice maximum value based on study by Kelliher et al. [27] . To ensure positive g L , upper limits for the parameters α and A were maximum value of related articles, and the total range with meaning is used for k.
Model performance
The model was evaluated by the root mean square error (RMSE), the mean absolute error (MAE) and the mean relative error (MRE). Spass16 software was used for the variance test. The expressions are the following:
(26)
1.6. Data
Experimental site
The study site is located in a 14-year-old cherry (Prunus avium L.) orchard with a sandy loam soil texture located 10 km west of the center of Beijing, China (longitude 116°13 ′ N, latitude 39°58 ′ E). Tree spacing is 3.5 m × 4 m with north-south row orientation and with a tree height of an average of about 3 m. The climate is warm temperate continental characterized by a distinct monsoon (June-August). The long term average rainfall was about 590 mm, concentrated between June and August, and sufficient irrigation was used by bubbler irrigation between April and June.
Meteorological measurements
Continuous data were collected for solar radiation (AV-20P, Avalon, USA), photo-synthetically active radiation (AV-19Q, Avalon, USA), net radiation above canopy (TBB-1, CHA), air temperature and relative humidity (AV-10TH, Avalon, USA), air pressure (AV-41BP, Avalon, USA), wind speed (AV-30WS, Avalon, USA), precipitation (AV-36R, Avalon, USA) by an automatic meteorological station installed about 200 m away from the orchard. Data observations were averaged and totaled in halfhourly intervals, stored on a Squirrel Data Logger (2040 Series, Grant, British), which were automatically downloaded.
Leaf area index and stomatal conductance measurements
The leaf area index (LAI) of six trees was regularly measured using a Plant Canopy Analyzer (LAI2000, Li-Cor, Lincoln, NE, USA) from the season when the canopy was in the initial stage to the season of shed leaves. Measurements of gas exchange parameters (stomatal conductance, net photosynthesis rate, transpiration rate) were made using a Li-6400 portable apparatus (LI-COR inc., Nebraska, USA) once every month on fair weather days (mostly sunny). 20 fully expanded leaves from the top of the tree in the north, south, east and west were chosen for measurements of every sample tree. A total of 60 leaves for three sample trees were measured at 6 a.m., 8 a.m., 10 a.m., 12 a.m., 14 p.m., 16 p.m., 18 p.m.
Soil evaporation measurements
Soil evaporation was measured on twenty dates between April and August, 2008 in six locations randomly placed on the orchard floor and fitted with PVC cylinders of 10 cm in inside diameter and 15 cm depth (i.e. micro-lysimeter). For each measurement date, the six soil cores were extracted by hammering the PVC tube into the soil in a nearby location, sealed with a plastic bag and then inserted into the lysimeter cases that were fixed into the orchard floor. They were weighed in the morning between 7:30 and 8:00 solar time, and then in the evening (18:00-18:30 solar time). The soil evaporation rate was then calculated from the difference in weight between measurements divided by the surface area of the micro-lysimeter.
Sap flow measurements
Sap flows of selected six cherry trees were monitored using thermal dissipation probes (TDP, Dynamax, Inc.) constructed after Granier [28] , and they (30 mm in length) were inserted at breast height to a depth of 30 mm, approximately equidistant from each other (four sensors in two trees and one sensor in four trees). Exposed portions of sensors were encapsulated in black tree wax to prevent direct contact with the atmosphere, and all probes were insulated with several layers of bubble wrap and Styrofoam and shielded with aluminum foil to minimize temperature fluctuations. Temperature differences between the heated and reference probe were also measured every 60 s and half-hourly averages were recorded on a data logger, and the data were used to calculate sap flow, according to the equation derived empirically by Granier [28] :
where J s is Sap flow velocity (g m −2 s −1 ), T is temperature difference of two probes (°C), and T max is maximum temperature difference in one day (°C). E c is transpiration rate (g m −2 s −1 ), A S is sapwood area that is measured by tree coring method (cm 2 ), A G is projected area of canopy (cm 2 ).
Soil water measurements
Soil water was measured by soil moisture sensors which were mounted for 30 and 60 cm away the trunk with TDP. Measurements were taken at soil depths of 10, 30, 50, 70, 90, and 110 cm.
Results
Uncertainties of potential transpiration estimations
The MCMC calculation was performed starting from mildly priors, obtained by adopting fairly large standard deviations for the prior distributions (Table 2) , then the posterior mean, 95% posterior Interval (95PI) for θ and σ , standard deviation (SD), Monte Carlo errors (MCE) were obtained by 100 000 iterations, which obtained more information than the general method, such as the multiple regression model. The initial 4000 iterations were removed to consider the ''burn in'' period for reducing errors, like Samanta et al. [10] . The uncertainties of parameters were showed for 95PI in the Table 2 , the values of SD were about 10% posterior mean. The MCE was the difference between posterior mean and truth values were also a method of evaluating accuracy. It can be seen that the MCE for g max , α and k were smaller than A, thus, they had higher accuracy.
The transpiration of posterior mean and 95PI could be estimated based on the PM model and obtained posterior parameters ( Table 2) . Fig. 3 presented the observed values, posterior mean values and 95PI in May, 2008, and the results showed that the variance of the predictive distribution reflected the predictive power of the probability transpiration model, although the estimated transpiration using the posterior mean of parameters were in good agreement with the observed values, and most of the observations fell into the 95PI, large uncertainties of transpiration were presented (Fig. 2) . In particular there were the low radiation and the saturation vapor pressure deficit days, such as cloudy or rainy days. Similar results had been showed in sugar maple stand [10] , which explained that some effects had not been taken into account in the model or noise had occurred in measurements. However, it would have an important influence on water and solute movement for the uncertainties of transpiration estimations, which is important for the study of the uncertainties' effect on water management, environment pollution risk.
Uncertainties of transpiration's effect on the root zone soil water
When average, 95% upper and lower limit bound estimated transpiration were used as input data for the Richard equation, ASW, 95USW, 95LSW were represented as average, 95% upper and lower limit bound estimated soil water, respectively. Fig. 4 showed that there was good agreement between measured soil water and ASW, and major data fell into a changing interval of estimated soil water except for minority values. The changing interval was widespread for the period of large water requirement; otherwise, it presented a narrow spread. This was similar for the 2008 and 2009 results. Data from 2008 were used to calibrate, and the next years data were applied to validate the study.
The uncertainties of transpiration estimations had a direct influence upon the change of simulated soil water of all layers, and the soil water in the 10, 30, 50 and 110 cm layers influenced by uncertainties of transpiration estimations was analyzed in this study. The results showed simulated soil water on surface layer (10 cm) was not greatly influenced by uncertainties of transpiration ( Fig. 3-(b) ), there were the similar results for the bottom layer (110 cm) because of the small root distribution ( Fig. 3-(e) ), and the variation of soil water in changing interval displayed a narrow spread for the 10 and 110 cm layer. However, simulated soil water for the middle layer (30, 50 cm) strongly responded to uncertainties of transpiration because of the main root distribution for cherry (Fig. 1) . Assuming that root length is in proportion to root water uptake, the water absorbing capacity of the 20-60 cm layer would account for 80% transpiration, and the simulated soil water in these layers showed a wide spread in the changing interval. It could be seen that there was no greater change in transpiration with the greater variation for soil water, but the spread of soil water for every layer increased gradually with time. In other words, there were cumulative effects for uncertainties of transpiration's influence on soil water simulation. The uncertainties of transpiration influence on soil water simulation were also shown by the errors analysis (Table 3) , the MRE and RMSE were only 4.3% and 0.0163 mm/day for ASW, respectively. However, the accuracy was greatly decreased for 95USW and 95LSW, and the MRE was 8.64%, 11.53%, the RMSE was 0.0291 mm/day, 0.0445 mm/day, respectively. Therefore, it was very important to take action to prevent the cumulative effect of deviation simulated soil water, and management risk of irrigation and fertilization.
Uncertainties of transpiration's effect on the root water uptake
Soil water absorbed by plants was mainly transformed to canopy transpiration, and the root water uptake is close to the canopy transpiration theoretically, so the simulated root water uptake would be largely influenced by uncertainties of transpiration for the model based on the Richard equation. In the study, simulated root water uptake for average, 95% upper and lower limit bound transpiration as input data were represented as ARWU, 95URWU, 95LRWU. Fig. 4-(a) showed R 2 were similar for three comparisons between average, 95% upper, and lower limit bound transpiration and measured transpiration, yet R 2 for the corresponding root water uptakes compared with the measured transpiration were obvious in their differences (Fig. 4-(b) ). It was also seen that the root water uptake for ARWU was close to the measured transpiration, R 2 was 0.9, MRE was 11.68%, RMSE was 0.41 mm/day, however, the accuracy decreased for 95URWU, 95LRWU, there were 0.77 and 0.88 for R 2 , 19.55% and 25.35% for MRE, and 0.66 mm/day and 0.99 mm/day for RMSE, respectively. Especially for 95LRWU, estimated root water uptake was obviously larger than measured transpiration, the main reason was that the maximum root water uptake was already reached for ARWU because of almost wet soil during the experiment, and it was close to the soil maximum capability of released water that has been a limiting factor. However, when the soil maximum capability of released water was lower than potential transpiration, simulated root water uptake would be proportionally decreased with reduction of transpiration (upper boundary). So, it was very important to get a reasonable input transpiration to improve model accuracy of water and solute.
Cumulative root water uptake was an important parameter to assess root zone soil water, and it was largely different for average, 95% upper and lower limit bound transpiration as input data (Fig. 5) . The small difference of cumulative root water uptake was shown between average and 95% upper limit bound transpiration as input data, which was similar as soil moisture variations were probably caused by wet soil and soil's maximum capability of released water. However, when average and 95% lower limit bound transpiration was as input data, cumulative root water uptakes showed a larger difference, and the maximum difference was reached of about 100 mm after 100 simulation days. Therefore, it was better to choose 95% upper limit bound transpiration as input data than 95% upper lower bound transpiration for improving model accuracy.
The cherry root mainly grown within a soil layer of 100 cm depth, in particular there were more than 80% roots within a soil layer of 50 cm depth, and it was a positive relationship between root water uptake and root distribution. So, the uncertainties of the transpiration effect on soil water and root water uptake were larger, especially for soil layers with dense root distribution, and if the uncertainties could not be rationally controlled, there was a risk when predicting movement of water, fertilizer and agricultural chemical.
Conclusions
In the study, the PM model was extended by adding a normally distributed error term, and Markov chain Monte Carlo simulations were used to sample the posterior parameter distributions to quantifying the uncertainties of transpiration estimations based on the Bayesian analysis, and the effect on the root zone soil water and root water uptake were studied. The results were as follows:
(1) There were considerable uncertainties in the parameter and transpiration estimations, especially for low radiation and low saturation vapor pressure deficit, and the parameters tended to fellow a normal distribution.
(2) The uncertainties of transpiration estimations had a large effect on the soil water movement estimations. The changing interval of simulated soil water in 30 and 50 cm soil layers presented a wide spread, yet there was a narrow spread in the 10 and 110 cm soil layers. The error analysis showed that the uncertainties of transpiration's influence on soil water simulation were significant, the MRE were 4.3%, 8.64% and 14.53% for ASW, 95USW and 95LSW, respectively, and the cumulative effect of the uncertainties' influence on soil water estimations should not be ignored.
(3) The uncertainties of transpiration estimations had a considerable influence on the root water uptake. The root water uptake for ARWU was close to the measured transpiration, R 2 was 0.9, MRE was 11.68%, RMSE was 0.41 mm/day, however, the accuracy was lower for 95URWU, 95LRWU, and the R 2 was 0.77 and 0.88, MRE was 19.55% and 25.35%, RMSE was 0.66 mm/day and 0.99 mm/day, respectively. The cumulative effects of the uncertainties' effect on root water uptake were quite large, and the maximum difference was about 100 mm after 100 simulation days.
